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Abstract 

Mechanical  design  of  microfabricated  devices  requires  knowledge  of  mechanical  material 
properties.  Thin  film  material  properties  are  sensitively  process  dependent,  and  should 
therefore  be  organized  accordingly.  A  relational  database  of  material  properties  is  under 
development  as  part  of  a  general  micro-electro-mechanical  CAD  environment.  A 
computerized  literature  search  through  the  published  values  for  Silicon  DiOxide  (Si02) 
properties  under  various  processing  conditions  resulted  in  the  following  document. 
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Introduction 


There  is  a  growing  need  for  the  ability  to  perform  mechanical  analysis  of 
microelectronic  devices,  both  in  assuring  structural  reliability  against  failure  of  thin  film 
layers,  and  in  evaluating  the  effects  of  various  external  loads  including  temperature  and 
humidity  effects.  In  addition,  with  the  development  of  increasingly  sophisticated 
micromechanical  devices,  including  microsensors,  pumps,  valves,  and  micromotors,  and 
with  the  increasing  performance  demands  being  placed  on  these  devices,  notably  in  the 
precision  and  accuracy  of  microsensors,  there  is  a  critical  need  for  computer-aided-design 
(CAD)  tools  which  will  permit  rational  design  of  these  devices.  The  present  program  is 
directed  towards  creation  of  a  suitable  CAD  environment  for  micromechanical  analysis  of 
microfabricated  deformable  structures  utilized  for  measuring  the  mechanical  properties  of 
thin  films,  and  static  analysis  of  which  can  be  utilized  for  reliability  investigations. 

There  are  two  fundamental  problems  that  confront  the  designer  [*,••):  (1)  the  need  to 
construct  a  three-  dimensional  solid  model  from  a  description  of  the  mask  set  and  process 
sequence  to  be  used  in  fabrication  of  a  micromechanical  device;  and  (2)  the  need  to  be  able 
to  predict  the  mechanical  properties  of  each  of  the  constituent  materials  in  a  device, 
including  possible  process  dependences  of  these  properties.  With  such  a  3-D  model  in 
hand,  with  appropriate  properties  for  each  material,  prediction  of  mechanical  behavior 
could  be  done  with  existing  finite-element  modeling  (FEM)  programs.  However,  at  the 
present  time,  there  is  no  CAD  system,  either  mechanical  or  microelectronic,  which 
successfully  addresses  these  problems  in  a  coherent  way.  Koppelman  [***]  has  developed 
a  program  called  OYSTER  which  permits  construction  of  a  3-D  polyhedral-based  solid 
model  from  a  mask  set  and  primitive  process  description,  but  as  yet,  there  is  no  provision 
for  linking  to  FEM  tools  or  to  standardly  used  layout  and  process  modeling  tools,  and  no 
database  for  prediction  of  mechanical  properties  from  the  process  sequence. 


An  architecture  for  a  micro-electro-mechanical  CAD  system  in  which  these  two 
critical  problem  areas  can  be  the  focus  of  simultaneous  and  parallel  development  work  is 
presented  in  Fig.  1.  The  basic  idea  is  to  provide  three  different  levels  of  user  interaction: 
(1)  at  the  conventional  microelectronic  level,  with  access  to  mask  layout  and  process 
specification;  (2)  at  the  mechanical  CAD  level,  for  direct  construction  of  3-D  solid  models 
which  can  then  be  analyzed  with  FEM;  and  (3)  at  the  mechanical-property  database  level, 
for  entry  of  mechanical  property  data  as  it  is  acquired  and  documented.  There  are  then  two 
specific  development  tasks:  (1)  development  of  a  3-D  solid  modeling  tool,  which  we  call 
the  "structure  simulator",  and  which  takes  mask  layout  data  and  a  realistic  process 
description  and  builds  a  3-D  solid  model  in  a  format  compatible  with  the  mechanical  CAD 
system  (an  extension  of  what  OYSTER  now  does);  and  (2)  the  development  of  a 
mechanical  property  database  using  iterative  measurements  on  deformable 
micromechanical  structures  (such  as  diaphragms,  beams,  and  resonant  structures)  together 
with  careful  FEM  studies  of  the  dependence  of  their  behavior  on  mechanical  properties. 

We  have  implemented  this  architecture  in  a  Sun  4  host,  drawing  on  existing  codes 
wherever  possible.  The  primary  interface  for  mechanical  modeling  is  through  PATRAN, 
a  mechanical  CAD  package  which  provides  for  manual  construction  of  3-D  solid  models, 
graphical  display,  and  interfacing  with  FEM  packages  (we  are  using  ABAQUS).  The  3-D 
solid  model  resides  in  the  PATRAN  Neutral  File,  and  we  have  elected  to  \sc  the  material- 
property  format  of  the  Neutral  File  as  a  first  version  of  the  Mechanical  Property  Database. 
Layout  is  provided  through  KIC,  and  process  description  through  the  process-flow 
representation  (PFR)  is  created  with  a  standard  text  editor.  tiUPREM  III  and  SAMPLE 
are  installed  to  provide  depth  and  cross-sectional  modeling  capabilities.  The  structure 
simulator  (under  development)  will  accept  KIC  and  PFR  files  as  input,  draw  on  SUPREM 


Ill  and  SAMPLE  as  needed,  and  will  output  a  3-D  solid  model  in  the  format  of  the 
PATRAN  Neutral  File.  PATRAN  will  then  be  able  to  pick  up  the  model,  provide  for 
FEM  analysis  and  graphical  display  of  behavior.  The  present  status  is  that  all  of  the 
commercially  available  codes  (solid  boxes  in  Fig.  1)  are  installed  and  operating.  The  first 
entries  into  the  Mechanical  Property  Database  have  been  made  for  silicon  dioxide  and 
silicon  nitride  as  a  result  of  the  literature  review  enclosed 

This  document  is  the  result  of  a  computerized  literature  search  (done  at  MIT  CLSS)  to 
loacte  published  mechanical  property  data  for  silicon  dioxide,  SiC>2-  Investigating  some 
120+  references,  a  group  of  45  was  selected  and  the  mechanical  properties  of  SiC>2  were 
extracted  under  both  thermal  growth  and  chemical  vapor  deposition  (CVD).  The  cited 
values  were  arranged  by  different  mechanical  property  headings,  and  then  by  the 
deposition  methods  as  subheadings.  The  boldface  values  indicate  results  of  experimental 
measurements  (from  references),  and  the  italic  value,  correspond  to  when  a  reference  cites 
results  from  other  references  without  measurements,  or  when  no  reference  experiment 
was  indicated  to  support  the  cited  values.  Most  values  were  traced  to  their  original 
measurement  (experiment)  when  possible.  Averages  of  the  cited  properties  have  been 
entered  in  our  mechanical  property  database. 
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Fig.  1 

CAD  architecture  for  micro-electro-mechanical  design 
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1  Y'oung's  Modulus 
1.1  Thermal  Oxide 

•  50  GPa,  [3]  oxide  grown  from  550°  C  to  1000°  C. 

•  100  GPa,  [5], 

•  70  GPa.  [18]. 

•  66  GPa  [27]  for  dry  oxide  grown  between  875°  C  and  1200°  C  on  (100)  and  (111) 
oriented  Si. 

•  76  GPa,  [34]. 

•  57  GPa  [36]  for  wet  oxide  grown  at  960°  C. 

•  67  GPa  [36]  for  dry  oxide  grown  at  960c  C. 

• 110x10s  psi  [38]. 


1.2  PECVD  Oxide 

No  values  obtained  for  the  Young's  Modulus,  E,  of  PECVD  Si02 


2  Poisson's  Ratio 


2.1  Thermal  Oxide 

•  0.15  [3],  for  oxide  grown  between  550"  C  and  1000° 

•  0.20  [18].  no  conditions  available. 

•  0.17  [21].  no  conditions  availabe. 

•  0.164  [34],  no  conditions  abailable. 


2.2  PEC  YD  Oxide 

No  data  was  retrieved  for  the  Poisson's  ratio  of  PECVD  silicon  oxide. 


2.3  Bulk  Oxide 


•  0.18  [27]. 


3  Biaxial  Modulus 


3.1  Thermal  Oxide 

•  100  GPa  [14) 


•  63.3  GPa  [30]  for  oxide  grown  at  1 200r  C 


•  70  GPa  [36]  for  steam  oxide 

•  82  GPa  [36]  for  dry  oxide 


3.2  PECYD  Oxide 


Biaxial  modulus  variant  with  precursor  gas  ratio. 
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Thu  data  reproduced  from  [23} 


Conditions  ; 

Substrates:  Glass.  Steel,  and  Quartz 
Temperature  :  250°  C 
Pressure  500  mTorr 
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Rf  Frequency  :  13.56  MHz 
Rf  Power  Density  :  0.02W  cm  ’ 


•  42  GPa  [23]  for  the  conditions  immediately  above  .  when  gas  ratio  exceeds  5 


•  Biaxial  modulus  variant  with  deposition  temperature 


Deposition  Temperature.  0  C 
250 
200 
150 
100 


Biaxial  Modulus,  GPa 
42 

42 
40 

43 


Data  reproduced  from  (2?) 


Conditions 
N,0  flow  :  165  seem 
N,0/SiH4  ratio  12:1 
Pressure  :  500  mTorr 
Temperature  :  vanable 
Rf  frequency  :  13.56  MHz 
Power  Density  :  0  02  W  cm  2 
Substrates  :  glass,  steel,  quartz 


•  46.6  GPa  and  51.5  GPa. 


Thi<  data  collected  from  [30]. 


Conditions: 

Temperature  :  250°  C 
Pressure  :  n/a 
Rf  frequency  :  n/a 
Rf  Power :  n/a 

SiH^  (5  %  in  Ar) :  100  cc  min' 1 
02  :  10  cc  min'1 
N2  flow  :  4000  cc  min'1 
Substrates  :  Si  and  GaAs 


75  GPa  CVD-SiOi  deposited  at  490  A/min 
100  GPa  CVD  SiOi,  deposited  at  1900  A/min 


Data  collected  from  [37). 

Conditions: 

Temperature  :  450c  C 
Substrate  :  ( 1 1 1 )  Si 
Reagents  :  SiH4  and  (X 
Pressure  :  n/a: 

Deposition  rates  :  490A/min  &  1900A/min. 


3.3  Bulk  Oxide 

•  88  GPa  [15] 


4  Density 


4.1  Thermal  (Hides 

•  Density  versus  oxidation  temperature  and  pressure  for  several  samples  of  dry  oxide 


Growth  Temperature, 

Pressure, 

Density 

°C 

atm 

g  cm  - 

800 

1 

2.47 

800 

1 

2.42 

800 

500 

2.41 

1000 

500 

2.35 

1000 

1 

2.26 

This  data  collected  from  (8J. 


Conditions  . 

Substrates  :  (111)  and  ( 100 1  Si 

Ambient  :  pure  dry  O-,.  for  low  pressure,  ultradry  for  high  pressure 

Initial  oxidation  for  high-pressure  oxides  :  1000°  C.  ultradry  O,.  for  a  thickness  of  l  nm 


•  2.38  g  cm'-1  [10]  for  dry  oxide  grown  at  500atm.  800°  C 


•  2.26  g  cm'-  [10]  for  dry  oxide  grown  at  latm,  1000°  C 


•  2.208  g  cm'3  [22]  for  dry  oxide  grown  at  1150°  C 


•  2.268  g  cm'3  [22]  for  dry  oxide  grown  at  700°  C 

•  Density  varying  with  oxidation  temperature,  for  dry  oxide. 


nperature. 

Density, 

°C 

g  cm'- 

600* 

2.286 

700* 

2.265 

750 

2.257 

800 

2.253 

900 

2.236 

1000 

2.224 

1150 

2.208 
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This  data  collected  from  ( 35 j. 


•  The  results  of  anneals  on  higher  density  SiO->  films. 


Anneal 

None 

N2  20  min,  at  1000°  C 
nJ  16  hr,  at  600°  C 
None 

N2  16  hr,  at  700°  C 
N2  H20,  20  hr,  700°  C 


Density,  g  cm'^ 
2.265 
2.209 
2.209 
2.270 
2.260 
2.220 


This  data  collected  from  (35). 


Conditions  : 

Oxidation  Temperature  .  700°  C 
Pressure  :  5000  psi 
Ambient  :  Dry  O, 


•  2.2  g  cm'3  for  wet  oxide  grown  at  960°  C  [36] 


•  2.25  g  cm'3  for  dry  oxide  grown  at  960°  C  [36] 


4.2  PECVD  Oxide 


•  Effects  of  gas  flow  rate  and  annealing  on  oxide  density 


Gas  Flow  Rate 

P 

♦ 

O 

(seem) 

teem'3) 

r 

(g  cm* 

3 

2.09 

2.22 

1 

2.07 

2.24 

0.7 

2.07 

2.26 

9.6 

2.02 

2.28 

05. 

1.98 

2.30 

*  Rims  annealed  at  1000°  C  for  30  min  in  N2  ambtent 
These  values  collected  from  [20], 
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Conditions. 

SiH4  (1.5  %  in  Ar)  flow  rate  :  0.3  seem 

CX  flow  rate  :  variable 
Temperature  :  350°  C 
Pressure  :  i.S  Tore 
Rf  frequency:  13.562  MHz 
Rf  Power  :  50W. 


•  Density  varying  with  gas  ratio 


ui 


zo 


K 


c  1  6  - 

9 

a 
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This  data  reproduced  from  (23]. 


Conditions  : 

Substrates:  Glass,  Steel,  and  Quartz 
Temperature  :  250°  C 
Pressure  :  500  mTorr 
Rf  Frequency  :  H.56  MHz 
Rf  Power  Density  :  0.02W  cm'2 
NjO  Flow  :  165  seem 

SiH4  Flow  :  variable,  to  suit  gas  ratio  (see  above) 


•  Density  varying  with  deposition  temperature. 


2  6 

n - 

- , - r 

“  1 

If 

2.4 

- 

- 

o  ~ 

2.2 

P -  i  - _ , _ i _ 

100 

200 

300 

Th«  d»U  reproduced  [29).  (  O 

Conditions: 

Temperature :  variable 
Pressure  :  1  Tore 
G as  Ratio,  N20  /  SiH4  :  65 
Rf  frequency  :  13.56  MHz 
Rf  Power :  24W. 


•  1.97  <+/-  0.02)  gem*'  [32] 


Q 


Conditions 

N,0  /  SiH4  ratio  :  12: 1 
Temperature  :  variable 


4.3  Bulk  Oxide 

2.2  g  cm'-,  [33]  at  temperature  =  300K 


C  oefficient  of  Thermal  F.xpansion 


1  Thermal  Oxide 

•  6.x  JO7-  C*  [14], 

•  3.3  a  10 '7  ~  C'1  [22]  dry  grown  from  950  -  1 150e  C 

•  5  x  Id'7  c  C'1  [30]  for  oxide  grown  at  1200"  C 


•  6  \  Id’7  °  C*1  [38]  for  dry  oxide  grown  at  1200°  C 


•  Thermal  expansion  coefficient  vs.  temperature 


This  dau  reproduced  from  (42) 


Conditions 

Oxidation  Temperature  :  1050°  C 
Measurement  Temperature  :  see  above 
Oxidation  Pressure  :  n/a 
Ambient  :  Steam 
Substrate  :  ( 100)  oriented  Si 
Film  Thickness  :  4000A 


PFX  YD  Oxide 


I  ! 


•  Coefficient  of  thermal  expansion,  a.,  variant  with  gas  ratio 


Data  rrprr*duced  from  {I'M 


Conditions  for  PECVD 
Precursor  eases  :  SiH^  and  NCO 
Substrates  :  quanz.  steel,  and  glass 
Temperature  :  250°  C 
Pressure  :  500  mTorr 
Rf  frequency  :  1 3.56  MHz 
Rf  Power  Density  :  0  02  W  cm'- 
Total  Gas  flow  .  200  seem 


•  Measurements  of  thermal  expansion  coefficients  for  varying  deposition 
temperatures 


Deposition  Temperature.  ’  C  nr.  x  10'*  CC'' 

250  2.5 

200  2.6 

150  2.2 

100  2.2 


TTii«  d«t»  reproduced  from  [24] 

Conditions : 

N,0  flow  165  seem 
JXO/SiH,  ratio  IM 
Pressure  500  mTorr 
Temperature  :  vanable 


i: 


Rf  frequency  :  1 3.56  MHz 
Power  Density  :  0.02  W  cm  - 
Substrates  :  glass,  steel,  quart?. 


•  3.9  -  4.1  x  10*6oe'  [30] 


Conditions  : 

Temperature  :  250°  C 
SiH4  (5  %  in  Ar) :  100  cc  mtn'1 
O,  flow :  10  cc  min'1 
N-,  flow  :  4000  cc  min'1 


•  5.5  \  lO*7^'1  [37] 


Conditions: 

Temperature  :  450°  C 
Substrate  :  1 1 1 1 )  Si 
Reagents  :  StH4  and  CK 
Pressure  :  n/a: 

Deposition  rates  :  490A/min  &  1900A/min 


5.3  Bulk  Oxide 


•  5.2  x  10‘7  °  C'1  [15]. 
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6  Thermal  Conductivity 

6.1  Thermal  Oxide 

No  values  obtained  for  thermal  oxide. 


6.2  PF.CVD  Oxide 
No  values  obtained  for  PECVD  oxide. 


6.3  Bulk  SiO, 

•  Coefficient  of  thennal  conductivity  for  bulk  SiO-,.  variant  with  temperature. 


This  data  reproduced  from  [33]. 
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7  Stress 


7.1  Thermal  (Hide 

•  600  MPa,  [31  oxide  grown  at  700°  C. 


•  Schematic  distribution  of  stress  in  the  oxide  film  and  its  substrate. 


•  5  a-' i  ^ 

t  :  fc-it 


Thu  d«<«  reproductd  from  (rtf, 


Conditions : 

Oxidation  Temperature  :  1200°  C 

Growth  Substrate  :  2-6  £2-cm  p-type  ( 1 1 1 )  Si 

Anneal  :  400®  C.  in  N;  and  H;  Annealing  Duration  :  n/a 


•  Calculated  stress  in  SiOi  variant  with  oxidation  temperature. 


«T  .y 

Thi«  dm  reproduced  from  |*|.  1 

Condition*; ; 

Substrate  :  2-6  £2-cm  p-tvpe  (1 1 1 )  Si 
Anneal  :  400°  C.  in  N,  and  H,.  duration  n/a 


•  Calculated  variation  of  stress  with  oxide  thickness 


*,«  2cc*: 

3.  ’2ZZ  U- 


C  ,i  _ 


br* 

i 

t 

,J:|" 

' '  n  r«  r  rr 

4.,,  n* 


Thi«  d»<«  reproduced  from  (6], 


Conditions : 

Growth  Temperature  ;  1200°  C 
Substrate  :  2-6  fl-cm  p-type  ( 1 !  1)  Si 
Anneal :  400°  C.  in  N-.  and  H,.  duration  n/a 


•  Calculated  variation  of  stress  with  substrate  thickness 


2  fcr- 


;  :4  2  t  2  0 

<3  mm 

Thi«  data  reproduced  from  |AJ. 


Conditions 

Growth  Temperature  :  (200?  C 
Substrate  :  2-6  £2-cm  p-type  ( 1 1 1 )  Si 
Anneal :  400°  C.  in  N-,  and  H2.  duration  n/a 


•  Residual  Stress  Measurements  for  Pressure -Ox ides,  and  Normal  1  atm  Oxide, 


Sample  Type 

Pressure  Oxide. 

Stress,  MPa 

500  atm,  800°  C 

150 

40ft 

400 

230 

400 

2H0 

Average: 

310 

Controls, 

1  atm,  1000°  C 

410 

420 

Thia  data  collected  from  (8). 

Conditions : 

Sustrates  :( 100)  and  ( 1 1 1)  Si 
H,0  content :  <  I  ppm 


1' 


•  350  MPa  [9].  average  compressive  sress  at  room  temperature  for  dry  oxides  grown 
at  1000r  C 


•  310  .  340  MPa  [11).  averacc  compressive  stress  for  drv  oxide  grwon  at  500  atm. 
800'  C. 


•  Intrinsic  stress  variant  with  film  thickness. 


Tbi*  dull  reproduced  from  [  l-l 

Conditions 

Substrate  :  ( lOOi  p-type  Si 

Oxidation  Ambient  :  drv  O-  with  <5  ppm  H,0  and  <0.5  ppm  hydrocarbons. 


•  Intrinsic  stress  variant  with  film  thickness  for  etched  oxide. 


_j _ _ _ .1 . j _ i  .  i _  i 

cO:  coo  600  800  1000 

3x13c  Tt-ICKNESS  ix' 


Oxidation  Temperatures 
700*  C  in'* 

*00*  C 
1000"  C 


Tim  dau  reproduced  from  (13). 


Conditions  : 

Substrate  :  ( 1 00)  p-type  Si 

Oxidation  Ambient  :  dry  0,  with  <5  ppm  H,0  and  <0.5  ppm 
Etching  :  in  HF  solution,  (NH4:HF  *  50: 1 )  hydrocarbons. 


450  MPa.  [12]  maximum  stress  for  a  limit  of  a  film  with  zero  thickness. 


Total  stress  for  dry  oxides  grown  on  two  Si  substrates  at  different  temperatures. 


Substrate 
p+  10-2  Qcm  Si 
p+  10'2  Qcm  Si 
p  1  Qcm  Si 
p  1  Qcm  Si 


Temperature,  0  C 
850 
1090 
850 
1090 


Total  Stress,  MPa 
150 
290 
80 
260 


Thia  dau  collected  from  [I3J. 


!<J 


•  Stress  varying  with  oxidation  temperature  for  four  Si  orientations. 


Thu  data  reproduced  from  [1?]. 

Conditions  ; 

Ambient  :  dry  O-,.  with  <5  ppm  H,0.  and  <0.?  ppm  hydrocarbons 
Pressure  :  1  atm 


•  Stress  varying  with  oxidation  temperature  for  (100)  Si. 


Thi<  d»ta  reproduced  from  [  15). 

Conditions  : 

Ambient :  dry  O,.  with  <5  ppm  H,0.  and  <0.5  ppm  hydrocarbons 
Pressure  :  1  atm 
Annealed  :  1000°  C.  in  N2 


•  Stress  varying  with  oxidation  temperature  for  (J 1 1)  Si. 


Thi*  d»u  reproduced  from  (15). 


Conditions  : 

Ambient :  dry  0->.  with  <5  ppm  HjO.  and  <0.5  ppm  hydrocarbons 
Pressure :  1  atm 
Annealed  :  1000°  C.  in  N- 


•  Stress  varying  with  oxidation  temperature  'or  dry  oxide. 


r  - 


This  data  reproduced  from  [21]. 


800 1000  1500 

T  ft-',  - 


2‘  Maximum  Stress 

1  Thermal  Stress 

2  Mtninum  Stress 


Conditions  :  n/a. 


•  Stress  distribution  over  the  thickness  for  dry  oxide. 


This  dau  reproduced  from  [21]. 

Conditions :  rt/a. 


•  Intrinsic  and  thermal  stresses  varying  with  oxidation  temperature  for  dry  oxide. 


I 


1  Thermal  Stress 

2  Intrinsic  Stress 


This  date  reproduced  from  [21]. 


Conditions  :  n/a. 


Stress  measurements  from  beam  experiment. 


*  5  r 

_  4  0 
•» 

2 

u 

>3  S 


o 

.  30 
o 


2.5 


2  0 


I  5 


O  .  ivENAGE 


900 


I  l 


1000  H00  1200 

OXYGEN  TEMOENSTUNE  •  *c 


This  data  reproduced  from  [27|. 


Conditions : 

Substrates  :  (111)  and  (100)  •  oriented  Si 
Oxidation :  Dry 
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•  Stress  measurements  from  balloon  experiment. 


9  --  iCOC  HOC  '20C 

Cx>GEN  TEmpEPAT|j«E  -  *C 


This  data  reproduced  from  (27). 

Substrates  :  ( 1 1 1 )  and  (100)-  onented  Si 
Oxidation  :  Dry 


•  Stress  vs.  strain  for  typical  oxide  balloon 


a 

O 


w 

2 

55 


Substrates  :  (111)  and  ( 100)  -  oriented  Si 
Oxidation  .  Dry 

Thi»  dau  reproduced  from  (27], 


ST**IN  « 10'*) 


•  340  MPa  [30]  measured  at  room  temp.,  grown  at  700°  C. 


•  400  MPa  compressive  [35],  grown  at  700°  C. 


•  50  MPa  tensile  [35],  grown  at  1 150°  C. 
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•  220  -  360  MPa  compressive.  [37]  measured  at  room  temp.,  grown  at  1 100°  C. 


•  Total  film  stress,  measured  at  room  temperature,  vs.  oxide  thickness 


0  30QC  6000  3000 

This  dala  reproduced  from  (4  I],  0  X  1 2  E  T  rtICKNEsS  I  A) 

Conditions  . 

Oxidation  Temperature  :  see  above. 

Oxidation  Pressure  :  1  atm 

Ambient :  Diy  02 

Substrate  :  p- type  (100)  oriented  Si 


( 10 *  dyn  A  m 
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Components  of  stress  vs  Intrinsic  stress  vs. 

oxidation  temperature  oxidation  temperature 


!  iOC  S:-SiC. 


-6- 


"rTA.  stbess 

STR£SS 


\ 


-4  + 


I 


e::  eo:  :::o  :?zz 

CxIOa^ICs  TEM5EPA-ua£  'c:'' 

This  dau  reproduced  from  (41) 


•C  -4**“ 


tn 

LT. 

UJ 

X 

♦— 

LJ 

on 

2 


l 

ot 


6CC  BOC  100C 

oxidation  temperature  (° : 


Conditions  For  Both  Graphs: 

Oxidanon  Temperature  :  see  above 
Measurement  Temperature  .  room  temperature 
Oxidation  Pressure  :  1  atm  (unless  otherwise  specified) 
Ambient :  Dry  0-, 

Substrate  :  p-type  (100)  oriented  Si 


•  Stress  vs.  temperature 


Thi»  d«i»  reproduced  from  (42) 


Condition1;  : 

Oxidation  Temperature  :  1050°  C 
Measurement  Temperature  :  see  above 
Oxidation  Pressure  :  rv'a 
Ambient :  Steam 
Substrate  .  (100)  oriented  Si 
Film  Thickness  :  4000A 


•  Change  in  curvature  induced  by  stress,  vs.  oxide  thickness 
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Thi*  d»t»  reproduced  from  (44). 


Dashe  line  represents  the  expected  curvature  change  for  SiO,  stress  level  of  700MPi 
Conditions : 

Oxidation  Temperature  :  see  above 
Measurement  Temperature  :  ox.  temp. 

Oxidation  Pressure :  n/a 
Ambient :  wet  O, 

Substrate  :  1  -fl-cm  P-doped  ( 1 1 1 )  and  ( 1 00)  Si 
Film  Thickness  :  4000A 


•  Interfacial  stress  at  room  temperature  for  various  substrates. 


P2°5 

Direction  of 

Si 

Stress, 

Diffusion 

Stress  Measurement  Orientation 

MPa 

No 

(110) 

(111) 

47 

No 

(211) 

(111) 

450 

Yes 

(110) 

(111) 

250 

No 

(110) 

(110) 

390 

No 

(100) 

(110) 

390 

Yes 

(110) 

(110) 

260 

No 

(110) 

(100) 

400 

No 

(110) 

(100) 

380 

Yes 

(110) 

(100) 

240 

This  data  reproduced  from  [45]. 

Conditions  : 

Oxidation  Temperature  :  1200°  C 
Measurement  Temperature  :  room  temperatures- 
Oxidation  Pressure  :  n/a 

Ambient :  wet  Oi  (dew  point  temperature  90°  C) 
Substrate  :  5  O-cm  ( 1 1 1 ).  ( 1 10).  and  ( 100)  Si 
Film  Thickness  :  WOO  A 
P;Os  Diffusion  .  in  N,  for  30  min  at  920c  C 


•  Oxide  stress  at  room  temperature  for  quickly  and  slowly  cooled  films 
Sample  Type  and  Cooling  Film  Stress.  MPa 


Dry  Oxide 

Slowly  Cooled  270 

Quickly  Cooled  370 

Wet  Oxide 

Slowly  Cooled  160 

Quickly  Cooled  280 


This  d»u  reprodbeed  from  (45). 

Conditions  : 

Oxidation  Temperature  :  1200°  C 
Measurement  Temperature  :  room  temperature 
Measurement  Direction  :  (1 10)  direction 
Oxidation  Pressure  :  n/a 

Ambient :  wet  oxide,  dew  point  temperature  =  90°  C 
dry  oxide,  dew  point  temperature  =  *40°  C 
Substrate  :  ( 1 10)  -  oriented  P-doped  Si.  Film  Thickness  :  8600-9200A 
Cooling  Duration  :  for  quick  cooling,  immediate  exposure  to  air 
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Cooling  Duration  :  for  quick  cooling,  immediate  exposure  to  air 
for  slow  cooling,  duration  =  51ir 


•  Oxide  stress  at  room  temperature  for  various  doping  levels  of  Si 


Slice  Resistivity. 
fl-cm 
1000 
5-10 
0.37 
0.035 
0.0015 


Doping  Level. 
cm'^ 

4xl012 

8.5xl014  -  4xl014 
1.6xl016 
4.5xl017 
5.5X1019 


Oxide  Stress. 
MPa 
280 
270 
200 
200 
300 


This  data  reproduced  from  [45}. 

Conditions 

Oxidation  Temperature  :  1200°  C 
Measurement  Temperature  :  room  temperature 
Measurement  Direction  :  (200)  direction 
Oxidation  Pressure  :  n/a 

Ambient  :  wet  oxide,  dew  point  temperature  =  90'  C 
Substrate  :  ( 1 1 1 )  -  oriented  P-doped  Si.  Film  Thickness  :  9200A 


7.2  PEC VD  Oxide 


•  Stress  varying  with  temperature  (not  oxidation  temperature) 


Temp«'jtv»r«  '  C 


T>m  daia  reproduced  from  ( 14). 


\Y~ 


in 


•  Thermally  induced  stress  in  the  oxide,  as  a  function  of  the  measured  temperature 

SO  ; - — - 


40  - 


This  dau  reproduced  from  f  23 J  and  [24] 


Conditions 

Temperature  :  250"  C 

Pressure  .  500  mTorr 

N;0/SiH4  :  12:1 

Total  gas  flow  rate  :  200  seem 

Rf  frequency  :  13.56  MHz 

Rf  Power  Density  :  0.02  W  cm  * 

Substrates  :  quartz,  steel,  glass. 


•  Tension  in  the  film  as  a  function  of  film  thickness. 


"Dm  data  reproduced  from  f  24] 


STRESS  (»  10*  dyn/cm2) 


3  I 


Conditions 

Temperature  250°  C 

Pressure  500  mTorr 

R  f  frequency  :  13  56  MHz 

Rf  Power  Density  :  0  02  W  cm  * 

N;0/SiH4  :  12:1 

SiH4  flow  rate  :  200  seem 

Substrates  :  glass,  steel,  quartz 


•  Stress  in  a  CVD  Si02  film  as  a  function  of  temperature. 

Air  Dry  Air 


50  75  ’00 

125 

10o — 

25  50  75  100 

125 

temperature  r-ci 

temperature  i'ci 

Tht<  dala  reproduced  from  [?0]. 


Conditions 

Deposition  Temperature  :  250°  C 
SiH4  (5%  in  At)  flow  :  100  cc/min 
O,  flow  :  10  cc/min 
N-,  flow  .  4000  cc/mtn 
Deposition  Thickness  :  0.65  pm 
Substrates  :  GaAs  and  Si 


SJRESSIXIO'*  rtynycm1 1 
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•  Time  variation  of  stress  in  CVD  Si02 


Kept  in  air,  49%  rel.  humid., 
exposure  to  a  dry  N2 
ambient  at  22°  C. 


o.i  > — 


3,o - 

0.0  0.2 


0  4  0  6  0  8  1.0  1  2 
TIME  AT  22“C  (hour? I 


14  16 


Kept  in  dry  N2,  upon  exposure 
to  air,  60%  RH,  at  22°  C. 


0.9 1- 


This  data  reproduced  from  [30] 


Conditions  . 

Deposition  Temperature  :  250°  C 
SiH4  (5%  in  Ar)  flow  :  10C  cc/min 
0-,  flow  :  10  cc/min 
No  flow  :  4000  cc/min 
Depositoin  Thickness  :  0.65  pm 
Substrates  :  GaAs  and  Si 


5  ? 


•  cr(T )  -  C(  1 1  S'1  C !  as  a  function  of  temperature. 

Solid  curves  represent  calculated  values.  Measurements  done  in  vacuum. 


TEMPERATURE  (‘Cl 


Thi*  daia  reproduced  from  p0|. 

Conditions  : 

Deposition  Temperature  250c  C 
SiH4  (SCr  in  Ari  flow  :  100  cc/min 
O,  flow  :  10  cc/min 
N,  flow  :  40(>0  cc/niin 
Deposition  Thickness  :  0  47  pm 
Substrates  :  GaAs  and  Si 


u 


•  Time  varying  stress  for  a  CVD  SiO:  film,  previously  kept  in  air.  480  RH.  at  2T  C 
upon  exposure  to  40  pm  Hg 

0  5- - - - - 

04- 


TIME  AT  21C  Ihrtl 

This;  daia  reproduced  from  |?0|. 

Conditions 

Deposition  Temperature  :  250c  C 
SiH4  (5<T  in  Ar  ;  flow.  :  100  cc/min 
O,  flow  ;  1()  cc/min 
N:  flow  :  4000  cc/min 
Deposition  Thickness  :  0  47  pm 
Substrates  :  GaAs 


•  Stress  change  in  CVD  SiO^  after  heat  treatments. 


OURATION  Or  ►"EAT  im  *.S  ! 

Thi«  data  reproduced  from  (37). 

Conditions  : 

Deposition  Temperature  :  400°  C  -  450°  C 
Deposition  Pressure  :  n/l 
Reagent  :  SiH4 

Substrate  :  ( 1 1 1 )  S».  200pm  thick 


Heat  Treatment  Temperature  :  see  above 
•  Stress  in  CVD  films  vs.  ambient  temperature 


This  data  reproduced  from  [37]. 

Conditions : 

Deposition  Temperature  :  400°  C  -  450°  C 
Deposition  Pressure  :  n/1 
Reagent :  SiH4 

Substrate  :  (111) Si,  200pm  thick 


•  Stress  in  CVD  Si02  films  vs.  deposition  rate 


Deposition  Rate 
(A/min) 

1900  A/min 
490  A/min 


Stress  after 
Deposition.  MPa 
220 
170 


Intrinsic 
Stress.  MPa 
370 
240 


Thii  <Uu  collected  from  (37]. 

Deposition  Temperature  :  4006  C  -  450°  C 
Deposition  Pressure  :  n/1 
Reagent :  SiH4 

Substrate  :  (III)  Si.  200pm  thick 
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•  Stress  change  of  CVD  SiO-,  film  after  various  treatments. 


This  dau  collected  from  [37]. 


Conditions  : 


Deposition  Temperature  :  400°  C  -  450°  C 
Deposition  Pressure  :  n/1 
Reagent :  SiH4 

Substrate  :  (11 1)  Si.  200pm  thick 
Film  Thickness  :  see  above 


•  Temperature  dependence  of  CVD  SiOi  stress  on  Si 


This  data  reproduced  from  [42] 

Conditions  : 

Deposition  Temperature  :  480°  C 
Deposition  Pressure  :  n/a 
Reagents  :  SiH4  and  O, 

Film  Thickness  :  6000A 


8  Stress  Relaxation  Time 


8.1  Thermal  Oxide 


•  Stress  relaxation  time  variant  with  temperature. 


Temperature.  1  C 
800 
900 
950 
1000 
1050 
1100 
1180 


Tht*  data  collected  from  f5J 

Condtions  : 

Oxidation  Temperature  :  see  above 
Oxidaoon  Pressure  :  n/a. 

Ambient  :  drv  oxide. 


Stress  Relaxation  Tune,  hrs 
>  1000 
>1000 

'25*60 

'6-20 

'1-3 

«0.3 


•  Stress  relaxation  time  variant  with  temperature. 


Temperature.  0  C 
700 
800 
1000 


Stress  Relaxation  Time,  hrs 
5278 
175 
0.2 


Thi*  data  collected  from  ( !•)- 

Conditions : 

Substrate  :  (100)  p-type  Si 

Oxidation  Ambient :  dry  02  with  <5  ppm  H,0  and  <0.5  ppm  hydrocarbons. 
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•  Stress  relaxation  time  variant  with  temperature. 


Temperature.  0  C 
800 
900 
1000 
1100 


Stress  Relaxation  Time,  hrs 
5100 

21 

0.2 

(10  seconds) 


This  data  collected  from  (35). 


Conditions  : 

Oxidation  Temperature  :  see  above 
Pressure  :  1  atm 

Substrate  :  (111)  and  ( 1 00 *  oriented  Si  crystals 


8.2  PF.CVD  Oxide 


No  infonnation  available  for  PECVD  oxide  films. 


8.3  Bulk  Oxide 


•  Stress  Relaxation  times  for  I.  R.  Vitreosil. 


Temperature.  °  C  hrs. 

900  >50,000 

1000  >1000 

1100  170 

1200  24 

1300  6 

1400  2 


Thi*  dau  collected  from  |39J. 


*50 


9  Yiscosit) 


9.  I  Thermal  ( Hide 


•  Viscosity  variant  with  temperature. 


Temperature,  c  C 
800 
900 
950 
1000 
1050 
1100 
1180 


Stress  Relaxation  Time,  hrs 

>I018 

HO18 

7xl016 

6\lflW 

5xl014 

'!013 


Thi«  d.ifa  collected  from  (*] 


Condtions 

Oxidation  Temperature  see  above 
Oxidation  Pressure  n/a 


Ambient  :  dry  oxide 


•  Viscosity  (Poise),  as  a  function  of  temperature 


e‘  :  •>  0 1C  i  l> 

‘lyt.  «i  ’•«  • 


Tim  data  reproduced  from  |40| 
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Conditions 

Oxidation  Temperature  I  IftO0  C 
Oxidauon  Ambient  :  steam 

Substrate  standard  n-rype  P-doped  1  Oil-cm  Si  u-afers  of  1 100 1  orientation 


9.2  PEC  YD  Oxide 

No  information  available  for  PECVD  Oxides. 


9.3  Bulk  Oxide 

•  Equilibrium  viscosities  for  different  f\pes  of  vitreous  silica 


± - I  R  Vitreosil 

-  -  >•  -  -  O  C.  Viircost)  (0  02^  °c  OH) 
.  . .  q  •  o.G.  Vitreosil  (0  04  *t.  °0  OH) 
- ~ -  Spectrosil 


TTm  dat.i  reproduced  from  p9|. 


-II 


•  Variation  of  viscosity  with  temperature  for  VitreosU. 


A  F i c t : \  e  temperature  1000  C 
J  Ficuve  temperature  1100  C 
V  Fictise  temperature  1200  C 
I  Ficuve  temperature  1300  C 
0  Fictive  temperature  1400  C 
Equilibrium  viscosity  curve — bold  symbols 

Thu  data  reproduced  from  [39] 


Variation  of  Viscosity  with  temperature  for  Spectrosil 


Tempera'.jrs  .r.  oc;rce>  Cer,;  grade 


!  5'  n't  I  h  i  ;  'i.  '2*  :  !■»  1 1  *  ■  ■  gm 


Reciprocal  oj  ab.'Oiuie  iemperaiure  *  iCF 


~  Ficuve  temperature  vw  C 
A  F ictt'- e  tempe-aturc  1000  C 
Ficme  temperature  MOO  C 
V  Fict.se  temperature  ilOO  C 
Fictise  lemperaiure  1 250  C 
Fictise  temperature  1400  C 
Equilibrium  siscosny  curse — bolU  symbols 


Thi«  dau  reproduced  from  [.’0] 


10  Refractive  Indev 


HU  Thermal  Oxide 


•  Refractive  Index  varying  with  oxidation  temperature. 


Oxidation  Temperature  (*C) 

Thu  data  reproduced  from  ( I ) 

Conditions  : 

H-,  /  0;  flow  ratio  :  1 .8 
Ambient  :  dry  O, 

Pressure  :  5.6  kg  cm 
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Oxidation  Pressure  (kg/cm2) 


Thu  data  reproduced  from  ( 1  j 

Condi  tions  : 

H-,  /  0-,  flow  ratio  1.8 
Ambient  :  dry  O- 
Pressure  :  5  6  kg  cm 


•  Effect  of  oxidation  temperature  and  pressure  on  refractive  index,  for  dry  oxide. 


Oxygen  Pressure. 

(Oxidation  Temperature.) 

Index  of 

atm 

°C 

Refraction 

1 

700 

1.486 

1 

800 

1.474 

1 

850 

1.478 

1 

900 

1.466 

1 

1000 

1.465 

(high  pressure) 

136 

550 

207 

550 

1.476 

136 

600 

1.474 

212 

600 

1.484 

136 

700 

1.475 

207 

700 

1.487 

212 

700 

1.476 

306 

700 

1.474 

211 

800 

1.473 

Thi«  data  taken  from  f  J) 
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•  Index  of  refraction  as  a  function  of  oxidation  temperature. 


c  X_ 
► 

£ 

1  * 


o 


3;*  "e^:e'c ’w'e  “C 


This  da u  reproduced  from  (3]. 

Conditions  : 

Pressure  :  1  atm 
Ambient :  dry  0-,. 


•  Refractive  index  versus  anneal  time  for  dry  -  oxide  grown  thermally  on  (1 1 1 )  Si  at 
800°  C. 


2 


1  4?4 
1  4?2 
1  *10 

'  «M 
1  464 
»  444 
1  462 
1  440 


Time(hrs) 


This  data  reproduced  from  [5]. 


Conditions : 
Pressure  :  n/a. 


•  1.460  for  fully  relaxed  Si02  thin  film.  [5] 


•  1.466  for  an  oxide,  dry-grown  at  1000°  C.  [5] 
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•  Refractive  Index  values  before  and  after  relaxation. 


Growth 

Temperature.  c  C 

Refractive 

Index 

Relaxation 

Treatment 

Ref.  Index 

After  Relaxation 

800 

1.472 

none 

800 

1  .-*72 

1000°  C  1  hrN2 

1.467 

800 

1.472 

1000°  C  16hrN: 

1 .464 

800 

1.472 

1 180°  C  40  min  N2 

1.460 

1180 

1 .460 

800 

*  472 

none 

1.460 

800 

1.472 

1204°  C  5  min  02 

800 

1.472 

none 

1.460 

800 

1.472 

1 180°  C  40  min 
Corona 

1.460 

1000 

1.467 

800°  C  20  min  02 

1000 

1.467 

none 

Corona 

1.460 

1000 

1.467 

900°  C  4  hr  02 
none 

*  Stress  relaxation  performed  bv  a  Corona  discharge  device. 


Thi*  data  taken  frorr  (*?) 


•  Refractive  Index  measurements  for  Pressure  Oxide,  Normal  Oxide,  and  Lou 
Temperature  Oxide. 


Sample  Type 

Film  Thicness,  nm 

Refractive  Index 

Pressure  Oxide. 

500  atm.  800°  C 

947.6 

1.476 

153.3 

1.475 

983.0 

1.473 

941.1 

1.473 

685.7 

1.475 

129.8 

1.478 

960.0 

1.475 

967.2 

1.467 

684.6 

1.477 

Average: 

Controls. 

1  atm.  1000°  C 

959.0 

1. 461 

951.4 

1.461 

1293.0 

1.462 

Average  : 

1.461 

Low  Temperature  Oxide. 

1  atm,  800°  C 

1.468 

1.476 
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Thi<  data  reproduced  from  [R] 


Conditions  : 

Sustrntes  (100)  and  ( 1 1 1 )  Si 
H,0  content  :  <  lppm 


•  1.475  for  oxide  prepared  at  500  atm.  and  800°  C.  [10] 


•  1.461  for  oxide  prepared  at  1  atm.  and  1000°  C.  [10] 


•  1.462  for  thermal  oxide  prepared  at  1 100°  C.  [11] 


•  The  effect  of  oxidation  time  and  annealing  on  refractive  index  and  film  thickness 


Duration  of 

Thickness  of 

r|  of 

Thickness  of 

r)  of 

Second 

Unannealed 

Unannealed 

Annealed 

Annealed 

Oxidation,  hrs 

Film.  A 

Film 

Film.  A 

Film 

1 

9 

1.474 

23 

1.463 

2 

15 

1.475 

44 

1.465 

4 

30 

1.475 

83 

1.465 

9 

78 

1.474 

163 

1.464 

19 

178 

1.473 

267 

1.464 

Data  taken  from  [17]. 


Both  oxidations  were  conducted  in  pure  dry  0-.  at  800°  C.  The  annealing  was  performed  (or  I  hour  at 
1000°C  in  pure  A r. 


Refractive  Index  as  it  depends  upon  density. 


•Refractive  Index  versus  deposition  temperature  for  thermal  oxides  grown  on  tv  n 
different  silicon  substrates. 


(Ill)  Silicon 


(100)  Silicon 


TEHP£MTUH£  CC) 


Reproduced  from  (M) 


•  Variation  of  refractive  index  with  oxidation  temperature  for  themially  grown  SiCK 

films. 


Temperature,  °  C 

6CKT 

700* 

750 

800 

900 

1000 

1150 


Refractive  Index 
1 .48(1 
1 .475 
1 .473 
1.472 
1 .468 
1 .465 
1.461 


*  These  samples  grown  at  5000  psi  0;.  all  others  at  1  atm  02. 


Reproduced  from  f^5| 


so 


•  Index  of  refraction  vs.  oxidation  temperature 


Thi*  data  reproduced  from  (4 1]  c-C*  Tr  'EMPERAT^RE  !' 

Conditions 

Oxidation  Temperature  :  see  above 
Ambient  :  95°  C  saturated  water  vapor 
Substrates  (111)  and  (100)  lightly  doped  Si 


!0.2  PECVD  Oxide 


•  Table  of  values  of  refractive  index,  and  deposition  parameters. 


Deposition 

Temperature.  0  C  N- 

Flow  Rates 
>0:SiH,:He.  seem 

Deposition 

Rate,  A/rmn. 

Refractive 

Index 

350 

500:200:0 

510 

1.462 

350 

500:200:0 

510 

1.465 

350 

200:80:1000 

150 

1.46V 

350 

100:40:2000 

60 

1.472 

350 

100:40:2000 

60 

1 .464 

350 

100:40:2000 

50 

1.471 

350 

100:40:2000 

80 

1.471 

350 

100:40:2000 

80 

1.471 

350 

100:40:2000 

60 

1  471 

275 

100:40:2000 

60 

1.474 

Thi*.  data  collected  from  [4). 

Conditions  : 

Temperature  :  see  above 

Pressure  :  1  Torr 

Flow  Rates  :  see  above 

Rf  Power :  25  W  (0.03  W 

cm2! 

RfFreq.  :  13.56  MHz 

•  Refractive 

Index  dependent  upon  Deposition  Temperature. 

Pressure.  Rate,  and 

Anealing 

Deposition 

Deposition 

P  position 

Anneal 

Refractive 

Temperature.  0 

C  Pressure 

R.  ..  A/mtn 

Performed 

Index 

350 

1  Torr 

60 

No 

1.471  (+/-  (I.OOI  i 

350 

1  Ton 

60 

Yes 

1.463  <+/-  0.002) 

275 

1  Ton 

60 

No 

1.473  (+/-  0.002) 

275 

1  Ton 

60 

Yes 

1.463  (+/-  0.002 ) 

350 

1  Ton 

520 

No 

1.467  (+/-  0.004) 

350 

1  Ton 

520 

Yes 

1.463  <+/•  0.003) 

700 

I  atm 

50 

No 

1.444  <+/.  0.001) 

700 

1  atm 

50 

Yes 

1.454  (+/-  0.001) 

D»u  collected  from  reference  N°  4. 

Deposition  Conditions 
Temperature  :  see  above 
Pressure  :  see  above 

N;0  /  SiH4  rabo  :  125  (for  atmosphere  pressure  deposition  only) 


Rf  frequency  1?  56  MHz. 

Rf  Power  :s\V  1 0.0?  W  cm':. 


Annealing  Conditions 
Temperature  :  1000'  C 
Ambient  :  N, 

Duration  :  30  min 


•  1.461  -  1.465  for  oxide  prepared  at  500°  C.  10  mTorr.  Rf  frequency  of  0. 5-3.0  MHz. 
and  Rf  Power  of  1  kW.  Gas  data  :  n/a.  [16] 


•  Refractive  index,  before  and  after  annealing  for  PECVD  oxide. 
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2.5- 
2.5- 
2.4- 
2.3- 
2.2- 
2.1- 
2.0* 
1.9- 
1.8- 
1.7- 
16  - 

“I 

1.4 1 


/ 

/ 

/ 

'  / 

/  / 

/  / 


/ 


/ 

!•/ 

r 


/ 


/ 

'v 

/ 


/ 


/ 


/ 


1 


o  As-Deposited 

*  Annealed 
(1000  °C  . 
30  min  ,  Nj) 


0.5 


1.5 


Si/O 


Thu  data  reproduced  from  |2fl] 


Deposition  Conditions 
Reagents:  SiH4.  02.  Ar 
Rf  frequency  :  13.562  MHz 
Rf  Power  :  50  W 
Temperature  :  350°  C 
Pressure  :  1 .5  Ton 
SiH4  flow  :  0.3  seem 
O,  flow  rate  :  vanablc 
Substrate  :  A I 


Annealing  Conditions  : 

30  nun.  in  N,.  at  1000°  C 


•  Refractive  index  as  it  varies  with  reagent  gas  ratio,  for  PECVD  oxide 


Graph  reproduced  from  (25) 


Conditions 
Temperature  :  n/a 
Pressure  :  n/a 
Rf  frequency  :  1 3.56  NfHz 
Rf  Power :  n/a 
Substrate  :  Si  wafer 
Gas  raoo  :  variable 


•  Refractive  index  vs.  gas  ratio  for  photo-enhanced  CVD  SiO-., 


N;0/  let* 

Graph  reproduced  from  (26) 

Conditions  : 

SiH4  flow  rate  :  1  seem 
NjO  flow  rate  :  70  seem 
Pressure  :  1  mbar 
Temperature  :  275°  C 
Power  density  :  0  1  mWcm  : 

N,  flow  rate  :  30  seem 


5-4 


•  Refractive  index  vs.  gas  ratio  for  glou -discharge  deposited  SiO 


1  SC 

’  48 
5  46 

r  1  44 

1  42 
140 


Graph  reproduced  from  f 28 ) 

Conditions 

Temperature  <40c  C 
Pressure  :  45  mTorr 
Rf  frequency  :  13.56  MHz 
Power  Density  :  0.2-0. 5  W  cm  * 
Reagents :  N-.0  and  SiHj. 


•  Refractive  index  vs  deposition  temperature  for  PECVD  SiCK 

X 
U.  UJ 
UJQ 

fZZ 


Reproduced  from  [2^| 

Conditions 

Temperature  :  variable 
Pressure  :  1  Too 
Gas  Ratio.  N-,0  /  SiH4  :  65 
Rf  frequency  :  13.56  MHz 
Rf Power.  24W 
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•  Refractive  index  vs.  gas  ratio  for  PECVD  SiO->. 


Reproduced  from  [31]. 

Conditions  : 

Temperature  :  300;  C 
Pressure  :  53  Pa 
Rf  frequency  :  57  kHz 
Rf  Power  Density  :  0.05  W  cm'-. 


•  Refractive  index  vs.  rf  power,  for  PECVD  Si02 


Reproduced  from  (31). 


Conditions : 

Temperature  :  300°  C 

Pressure  :  53  Pa 

Rf  frequency  :  57  kHz 

Gas  Composition,  N20  :  98%,  StH4  :  2%. 


10.3  Hulk  Oxide 
1.46  for  bulk  SiO,.  [33] 
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